Abstract -Aims: The aim of the study was to explore neurometabolic and associated cognitive characteristics of patients with polysubstance use (PSU) in comparison with patients with predominant alcohol use using proton magnetic resonance spectroscopy. Methods: Brain metabolite concentrations were examined in lobar and subcortical brain regions of three age-matched groups: 1-monthabstinent alcohol-dependent PSU, 1-month-abstinent individuals dependent on alcohol alone (ALC) and light drinking controls (CON). Neuropsychological testing assessed cognitive function. Results: While CON and ALC had similar metabolite levels, persistent metabolic abnormalities ( primarily higher myo-inositol) were present in temporal gray matter, cerebellar vermis and lenticular nuclei of PSU. Moreover, lower cortical gray matter concentration of the neuronal marker N-acetylaspartate within PSU correlated with higher cocaine (but not alcohol) use quantities and with a reduced cognitive processing speed. Conclusions: These metabolite group differences reflect cellular/astroglial injury and/or dysfunction in alcohol-dependent PSU. Associations of other metabolite concentrations with neurocognitive performance suggest their functional relevance. The metabolic alterations in PSU may represent polydrug abuse biomarkers and/or potential targets for pharmacological and behavioral PSU-specific treatment.
INTRODUCTION
Proton magnetic resonance spectroscopy ( 1 H MRS) methods enable the non-invasive quantification of metabolites from various brain regions. It permits the assessment of neurophysiological correlates of a disease/condition that may precede any associated gross morphological changes and has become an invaluable tool in understanding the neurobiological correlates of addictive disorders. Single-voxel 1 H MRS usually measures brain metabolite concentrations in a defined region of interest (ROI) that need to be chosen a priori, while multi-slice spectroscopic imaging (MRSI) simultaneously acquires many spectra from known locations throughout the brain; thus, MRSI and MRS are complementary clinical research tools with different experimental strengths.
Much MRS research in addiction has focused on describing alterations in concentrations of different brain metabolites in alcohol-dependent individuals (ALC) (Sullivan et al., 2000; Durazzo and Meyerhoff, 2007; Buhler and Mann, 2011; Mon et al., 2012) . Recently, we observed that the concentrations of markers of neuronal integrity (N-acetylaspartate, NAA) and cellular bioenergetics (creatine + phosphocreatine, Cr) as well as the neuromodulator/transmitter glutamate (Glu) in the anterior cingulate cortex of 9-day-abstinent ALC were significantly lower than in light drinking controls (CON); these measures largely normalized in ALC over 1 month of abstinence (Mon et al., 2012) . MRS studies on the neurobiological effects of cocaine, amphetamines, alcohol or marijuana (i.e. monosubstance dependence) have revealed abnormal levels of NAA, Cr, Glu, choline-containing metabolites (Cho, marker of cell membrane turnover/synthesis), myo-Inositol (mI, osmoregulator and marker for astrogliosis) and γ-aminobutyric acid (GABA). Typically, these abnormalities were found in anterior frontal brain regions, temporal lobe, occipital gray matter (GM), parietal white matter (WM), thalamus, cerebellum and basal ganglia (for review see Licata and Renshaw, 2010) . Monosubstance abuse/dependence is associated with neurocognitive dysfunction (Fernandez-Serrano et al., 2011) , and recovery of initially abnormal brain metabolite levels during sustained abstinence from alcohol correlated with improvement in neurocognitive functioning (for review see Meyerhoff et al., 2011) .
Although the literature on mono-substance abuse/dependence is expanding, cohorts are often not well characterized regarding substance use comorbidities. For example, alcohol use disorders (AUD) and the misuse of illicit drugs such as cocaine, marijuana and methamphetamine often co-occur (Stinson et al., 2005) . In fact, individuals with AUD and comorbid abuse/dependence on additional substances (i.e. polysubstance abusers or PSU) represent the largest group of treatment-seeking individuals today (Medina et al., 2004; Kedia et al., 2007) . While different drugs of abuse have been shown to alter neuronal integrity and neurotransmission via particular mechanisms (Licata and Renshaw, 2010; Riggio, 2011) , their concurrent misuse may have synergistic or additive deleterious effects on neurobiology when compared with mono-substance abuse. Therefore, the detailed descriptions of neurobiological and neurocognitive alterations in wellcharacterized cohorts of PSU vs. ALC will contribute to the understanding of unique differences between these groups, which may foster a better appreciation of the potential need for specific pharmacological and/or behavioral interventions.
Few studies have investigated drug effects on brain metabolite concentrations in individuals dependent on more than one drug. One study demonstrated cerebral phosphorus metabolite level alterations in individuals dependent on cocaine, heroin and nicotine, suggesting glial cell proliferation and compromised energy metabolism in the first week of abstinence (Christensen et al., 1996) . PSU actively abusing alcohol, heroin, cocaine, marijuana and other opiates had higher glucose metabolism rates in the fronto-temporal cortex than controls (Stapleton et al., 1995) . Glucose metabolism, however, was lower in the right orbito-frontal cortex of 1-week-abstinent individuals abusing both methamphetamine and marijuana compared with methamphetamine abusers (Voytek et al., 2005) . Also, currently using cocaine-dependent ALC showed lower frontal GABA levels than controls (Ke et al., 2004) , whereas frontal cortical GABA concentration was not reduced in 1-week-abstinent individuals dependent on alcohol alone (Mon et al., 2012) . Furthermore, our recent single-voxel 1 H MRS in PSU at 1 month of abstinence (similar individuals as described here) showed lower NAA, Cho, Cr and mI concentrations in the dorsolateral prefrontal cortex compared with 1-month-abstinent ALC, while metabolite levels in the anterior cingulate and parieto-occipital cortices were not significantly different (Abé et al., 2013) , and metabolite levels in ALC after 1 month of abstinence were not different from control in any cortical region (Mon et al., 2012) . The findings suggested persistent abnormalities in neuronal integrity, glial changes and possible edema in the dorsolateral prefrontal cortex of PSU, with lower GABA levels relating to greater cocaine consumption-not alcohol consumption-in the PSU group. Thus, PSU reveal a distinctly different metabolic profile than ALC after a similar duration of abstinence. Consistent with these neurobiological abnormalities, studies in PSU have also indicated deficient neurocognition compared with controls (Horner, 1997; Selby and Azrin, 1998; Verdejo-Garcia et al., 2004 Ersche et al., 2011; Laker, 2011) . However, neurobiological characteristics of polysubstance use disorders and their associations with neurocognition require further elucidation.
To better understand neurometabolite alterations in abstinent PSU, we compared metabolite concentrations in 1-monthabstinent PSU, ALC and CON throughout the brain using metabolic imaging ( 1 H MRSI). Absolute metabolite concentrations were quantified in GM and WM of the major lobes and in several subcortical brain regions. Although the study population was similar to that in our previous report (Abé et al., 2013) , the regions examined and the experimental approaches were different and complementary, precluding direct comparisons. We also related neurocognitive function to our MRSI measures to determine the functional implications associated with chronic polysubstance use. Based on our earlier research and the substance abuse neuroimaging literature recently summarized (Licata and Renshaw, 2010) , we hypothesized that PSU compared with ALC and CON demonstrate lower NAA and higher mI levels in the frontal and temporal lobes, thalamus and cerebellum, lower NAA in the lenticular nuclei and higher mI in the parietal lobe.
MATERIALS AND METHODS

Participants
All participants provided their written informed consent according to the Declaration of Helsinki and underwent procedures approved by the University of California, San Francisco and the San Francisco VA Medical Center (SFVAMC). Treatment-seeking PSU (n = 18) and ALC (n = 36) were recruited from substance abuse treatment programs of the SFVAMC and Kaiser Permanente. All study participants were enrolled in either a residential or outpatient treatment program where they were tested daily for substance use. A positive test for any substance but nicotine excluded potential participants from enrollment in the study. All ALC and PSU participants met DSM-IV criteria for alcohol dependence. In addition, all but one PSU participants met DSM-IV criteria for dependence on at least one psychostimulant, with and without cannabis use disorder: cocaine (n = 13), cocaine plus marijuana (n = 1), methamphetamine (n = 1), cocaine plus methamphetamine plus marijuana (n = 1) and cocaine plus opiates (n = 1); one participant was dependent on opiates and benzodiazepines. Non-substance abusing individuals recruited from the local community were studied as controls (CON, n = 36); they had no history of biomedical and/or psychiatric conditions known to influence the study measures. Taking advantage of our large groups of ALC (n = 107) and CON (n = 61) studied with the same neuroimaging protocol, we first matched smaller groups on age, body mass index (BMI) and proportion of cigarette smokers to our PSU sample; we then randomly chose 36 ALC and CON from this subsample to assemble ALC and CON groups of twice the sample size of our PSU group. This group was a subsample (65%) of the PSU cohort that contributed to our previous 4 T single-voxel spectroscopy study (Abé et al., 2013) . At the time of study, ALC and PSU were abstinent from alcohol and all substances other than tobacco for~1 month. Further inclusion and exclusion criteria are fully detailed elsewhere (Durazzo et al., 2004) . Group demographics and relevant substance use characteristics are given in Table 1 .
Clinical assessment ALC and PSU participants completed the Structured Clinical Interview for DSM-IV Axis I Disorder Patient Edition, Version 2.0 (First et al., 1998) , and CON participants were administered the accompanying screening module. Within 1 day of the MR study, all participants completed questionnaires that assessed depression (Beck Depression Inventory; (Beck, 1978) ) and anxiety symptomatologies (State-Trait Anxiety Inventory, Y-2; (Spielberger et al., 1977) ). Alcohol consumption was assessed with the lifetime drinking history (Skinner and Sheu, 1982; Sobell et al., 1988; Sobell and Sobell, 1990) , which yielded estimates of the average number of alcoholic drinks consumed per month over 1 year and 3 years before enrollment and over their lifetime. For PSU, lifetime substance use history (other than alcohol) was assessed with an in-house interview questionnaire based on the Addiction Severity Index (McLellan et al., 1992) , NIDA Addictive Drug Survey (Smith, 1991) , lifetime drinking history and Axis I disorders Patient Edition, Version 2.0 (SCID-I/P) (First et al., 1998) . From this questionnaire, monthly averages for grams of cocaine and/or methamphetamine over 1 year prior to enrollment and over their lifetime were estimated (Abé et al., 2013) . Level of nicotine dependence was assessed via the Fagerstrom Tolerance Test for Nicotine Dependence (Fagerstrom et al., 1991) , and the total number of years of smoking over their lifetime was calculated. To evaluate basic nutritional, erythrocyte status and hepatocellular injury, we obtained laboratory tests as listed in Table 1 (blood measures not available in smoking CON).
Neurocognitive assessment
Within 3 days of the MR study, all participants completed a neurocognitive battery focusing on working memory (Wechsler Adult Intelligence Scale-III (WAIS-III) Digit Span), processing speed (WAIS-III Digit Symbol Coding, Symbol Search (Wechsler, 1997) ), visuospatial learning and memory (Brief Visual memory Test-Revised, BVMT-R, total recall (learning) and delayed recall (memory) (Benedict, 1997) ), as well as auditory-verbal learning and memory (California Verbal Learning Test-II, CVLT-II: immediate recall trials 1-5 (learning), short-and long-delayed free recall (memory) (Delis et al., 2000) ); for details see . Premorbid verbal intelligence was assessed using the American National Adult Reading Test (AMNART) (Grober and Sliwinski, 1991) . Group comparisons on these measures will be presented in a separate report. Here, neurocognitive measures were used to investigate the functional relevance of the measured metabolite concentrations.
MR acquisition and processing
Participants were scanned on a Siemens Vision at 1.5 Tesla (Siemens Medical Systems, Inc., Iselin, NJ, USA). Structural MRI used a double spin-echo (DSE) sequence with TR/TE1/ TE2 (repetition and echo times) = 5000/20/80 ms, 1 × 1 mm 2 in-plane resolution and 48 contiguous 3-mm-thick axial slices oriented along an imaginary line connecting the anterior and posterior commissures as observed on mid-sagittal scout MRI. A volumetric magnetization prepared rapid gradient echo sequence (MPRAGE, TR/TE/TI = 9.7/4/300 ms, 15°flip angle, 1 × 1 mm 2 in-plane resolution) yielded 1.5-mm thick coronal partitions oriented perpendicular to the long axes of bilateral hippocampi as seen on sagittal scout MRI. The MPRAGE images were segmented into WM, GM and cerebrospinal fluid (CSF) (Van Leemput et al., 1999) and the following ROIs identified with an atlas-based method: frontal, parietal, temporal and occipital GM and WM; thalamus and lenticular nucleus; midbrain and cerebellar vermis. Further details can be found in Cardenas et al. (2005) . The MRSI acquisition, processing and quality assurance methods are detailed in Meyerhoff et al. (2004) . In short, MRI was followed by a multislice 1H MRSI sequence with TR/TI/TE = 1800/165/25 ms, imaging metabolites in three slices, each 15 mm thick with a slice gap of at least 6 mm, with an in-plane resolution of 8 × 8 mm 2 (yielding a 1-ml nominal SI voxel; effective resolution of 1.5 ml). The SI slices were angulated parallel to the double spin echo slices, covering the major cerebral lobes, subcortical nuclei, midbrain and cerebellar vermis. Data processing and spectral fitting were performed offline to obtain absolute metabolite levels for each SI voxel expressed in institutional units (i.u.), herein referred to as concentrations. These voxelspecific metabolite concentrations were then averaged over all voxels contributing to a given region (e.g. frontal GM). We averaged metabolite concentrations obtained for ROIs from left and right hemispheres, because no significant side differences in metabolite concentrations were observed in any group. ROIs from individuals were only included in analyses when they yielded spectroscopic voxel counts greater than one-tenth of the respective mean voxel counts across groups; this minimum voxel count corresponded usually to a value about two standard deviations below the group mean. Individuals with voxel counts below two standard deviations of the mean for a specific ROI were eliminated from analyses. This approach resulted in average voxel counts ranging from 18 in the midbrain to 126 in frontal GM. ALC and CON were scanned fully contemporaneously, while PSU were scanned contemporaneously and in random order with half of the ALC and CON cohorts. Data processing and quality checks were performed by operators blind to participant diagnosis.
Statistical analyses
Separate univariate analyses of covariance (ANCOVA), covarying for age and BMI, were performed for metabolites in each ROI. The BMI was negatively correlated with MRS metabolite levels , and weak correlations were also found for several metabolites in the sample investigated here. Additional ANOVA was conducted without including age and BMI as covariates, and statistical outcomes did not differ. Multivariate analysis was not conducted because the number of participants varied across ROIs (between 81 and 90) and metabolites because of data quality. Significant ANCOVAs (P ≤ 0.05) or trends (P ≤ 0.1) were followed up by pairwise comparisons, to test for hypothesized group differences among PSU, ALC and CON in metabolite concentrations. In pairwise group comparisons of metabolite levels, alpha levels (0.05) were adjusted for the multiplicity of tests via a modified Bonferroni procedure (Sankoh et al., 1997) . This approach yields adjusted alpha levels for each ROI separately based on the number of pairwise comparisons (three), metabolites measured (four) and their average intercorrelation among the four metabolites. The corresponding adjusted alpha levels for pairwise group comparisons ranged between 0.010 ≤ P ≤ 0.019. Effect sizes were calculated via Cohen's d (Cohen, 1988) . Univariate analyses of variance (ANOVA) were used to test for differences in participant characteristics.
For each ROI within PSU, correlations (Spearman's Rho) of metabolite concentrations with neurocognitive measures (raw scores), days of abstinence and average monthly cocaine consumption quantities were calculated. Relationships between metabolite levels and neurocognitive tests were corrected for age (partial correlation coefficients reported). In these exploratory analyses, we did not correct for multiple comparisons and P ≤ 0.05 was considered statistically significant.
RESULTS
Participants' characterization
Characteristics for ALC, PSU and CON are shown in Table 1 . All three groups were equivalent on age. PSU had lower AMNART scores than ALC or CON. PSU and ALC had fewer years of education than CON, and PSU had less education than ALC. Although PSU had a higher prealbumin concentration than ALC and CON, and ALC had higher white blood cell counts than PSU and CON, these and other clinical laboratory measures were within the normal range for all groups. PSU and ALC did not differ on any quantitative alcohol consumption measure, but PSU were significantly younger (4.7 years) when they began drinking heavily. ALC were abstinent from alcohol for about 32 days at the time of study, whereas PSU were abstinent from both alcohol and illicit drugs for about 26 days. PSU and ALC were equivalent on measures of depressive and anxiety symptomatologies, and both groups had higher scores than CON. Among smokers, the Fagerstrom Tolerance Test indicated moderate nicotine dependence in PSU and moderate to high dependence in ALC and CON; PSU smoked significantly fewer cigarettes per day than ALC and CON. The ALC (and PSU) group contained two (one) participants diagnosed with hepatitis C and eight (four) with medically controlled hypertension. Excluding those cases from the analysis did not appreciably change the observed group differences. Furthermore, no group differences were observed for average tissue fractions in a ROI or number of voxels representing the ROIs.
The number of voxels making up GM regions ranged from 48 (occipital GM) to 126 (frontal GM), with average GM tissue fractions of 0.57-0.61. The average WM region voxel counts were between 26 ( parietal WM) and 67 (frontal WM) with average WM tissue fractions of 0.60-0.90. Average voxel count for the midbrain was 18, 89 for the cerebellar vermis, 32 for the thalamus and 20 for the lenticular nucleus with average GM tissue fractions of 0.46-0.78 across these ROIs.
Group comparison of metabolite concentrations
Univariate tests (ANCOVA) were significant for mI concentration in the temporal GM (F(2,85) = 6.28, P = 0.003); they showed trends to significance for mI in the cerebellar vermis (F(2,80) = 2.97, P = 0.057) and the lenticular nucleus (F (2,83) = 3.99, P = 0.022) and for NAA in the midbrain (F (2,76) = 2.42, P = 0.096). In planned pairwise group comparisons (see Table 2 ) of metabolite levels in the temporal GM, PSU had significantly higher mI concentrations than both Adjusted alpha levels: P = 0.013 (temporal GM), P = 0.017 (occipital WM), P = 0.015 (midbrain), P = 0.019 (verebellar vermis), P = 0.012 (lenticular nuclei). Comparisons significant after correction for multiple comparisons are bolded. Only significant or trend-level findings (P < 0.1) are shown.
ALC and CON. PSU also had higher mI concentrations than CON in the cerebellar vermis and lenticular nucleus. In those regions, mI levels in PSU tended to be higher than in ALC. NAA concentration in the midbrain tended to be lower in PSU than CON, whereas occipital WM mI tended to be higher (both P < 0.05, but not significant after correction for multiple comparisons). Statistically significant group differences showed strong effect sizes, whereas the observed statistical trends corresponded to mean differences of moderate effect size. ALC and CON showed no significant differences in metabolite levels in any ROI. No other significant regional differences between ALC, PSU and CON were apparent; specifically, there were no significant lobar NAA differences. Although GM tissue contribution did not differ significantly between groups in any ROI, in exploratory analysis we covaried for it in exploratory three-group comparisons [for effects of GM/WM/CSF tissue contributions on metabolite concentrations see Jansen et al. (2006) ]; GM-tissue contribution was not a significant predictor of metabolite concentrations in any ROI in ANCOVAs comparing ALC, PSU and CON. The same applied for smoking status (non-smoker and smoker), years of education and AMNART. Similarly, depression and anxiety symptomatologies, days of sobriety, onset of heavy drinking and any drinking severity measure did not significantly predict metabolite concentration differences between PSU and ALC.
Correlations among main outcome measures
Metabolite concentrations and neurocognition In PSU, higher frontal GM NAA and frontal WM Cr were related to higher scores on Digit Symbol Coding and Symbol Search (measures of processing speed) (see Table 3 ). Higher lenticular nucleus Cr and Cho correlated with better performance on WAIS-III Digit Span (working memory). Lower occipital GM mI was related to better scores on BVMT-R Total Recall (visuospatial learning) and Delayed Recall (visuospatial memory), and higher parietal WM Cr was associated with better performance on CVLT-II Immediate Recall (auditoryverbal learning). Higher temporal WM mI was related to better scores on BVMT Delayed Recall, and lower thalamus Cr correlated with better scores on Digit Symbol Coding.
In all groups, higher frontal GM NAA correlated with better performance on WAIS-III: Digit Symbol Coding, a measure of processing speed. Otherwise, the pattern of correlations in PSU was different from those observed in ALC and CON, who showed more similar correlation patterns. Specifically, the PSU group was missing associations between regional NAA concentrations (except frontal GM NAA) and cognitive performance. In both ALC and CON, higher thalamic and lobar mI was associated with poorer performance on CVLT-II measures of auditory-verbal learning and memory) and on the WAIS-III: Digit Span measure of working memory. In LD, better neurocognitive measures were generally related to higher lenticular and frontal cortical NAA and to lower regional mI concentrations.
Metabolite levels and cocaine consumption within PSU Within PSU and as depicted in Fig. 1 , greater monthly cocaine consumption averaged over 1 year was associated with lower NAA in temporal GM (P = 0.007, r = −0.82; slope b = −0.06; n = 9) and frontal GM (P = 0.031, r = −0.68; slope: b = −0.03; n = 10), which also correlated with worse processing speed (see above). The observed correlations remained significant after controlling for 1-year average drinks/month.
Metabolite levels and days of abstinence within PSU and ALC Numerous strong correlations between regional metabolite concentrations and days of abstinence were found within PSU (see Table 4 ). Higher Cr concentrations in frontal and parietal GM and in frontal WM, as well as higher Cho levels in parietal Table 3 . Significant (P ≤ 0.05) age-corrected partial correlations r* > 0.3 between brain metabolite concentrations and neurocognitive test measures within PSU (bold), ALC (italic) and CON (normal font). When the groups showed correlations of similar significance, strength and direction between the same measures, we report the correlations of the combined groups and indicate the group(s) by superscript(s) 
Correlation with similar correlation coefficient and significance also in ALC. b Correlation with similar correlation coefficient and significance also in CON.
GM were related to longer duration of abstinence. Unexpectedly, higher mI concentrations in frontal and parietal GM, parietal and temporal WM, as well as higher thalamic mI concentrations were associated with longer abstinence. Importantly, while ALC showed significant correlations between days of abstinence and higher NAA in frontal GM and WM (suggesting some recovery of metabolic abnormalities during abstinence), PSU did not show such relationships. We also calculated partial correlations between metabolite concentrations and days of abstinence in PSU controlling for age. All correlations reported in Table 4 remained significant, except the correlations between parietal GM Cho and temporal WM mI with days of abstinence. However, as days of abstinence are not related to age, the reported bivariate correlations are likely more appropriate.
DISCUSSION
We compared absolute brain metabolite concentrations in GM and WM of the major lobes, as well as in subcortical brain regions (midbrain, thalamus, lenticular nucleus and cerebellar vermis) of PSU and ALC after 1 month of abstinence to CON. All groups were matched on age, BMI and smoking prevalence. PSU demonstrated significantly higher mI concentrations than CON in temporal GM, cerebellar vermis and lenticular nuclei. NAA in the midbrain tended to be lower in PSU than CON, and mI tended to be higher in the cerebellar vermis and lenticular nuclei of PSU vs. CON. Compared with ALC with similar abstinence duration, mI in temporal GM of PSU was significantly higher. Thus, our a priori hypotheses on elevated regional mI in PSU were largely confirmed, whereas our hypotheses of lower regional NAA were not. Metabolite levels in ALC and CON were statistically equivalent, presumably due to recovery of initially low metabolite levels with abstinence from alcohol (Durazzo et al., 2004; Mon et al., 2012) . Moreover, cortical metabolite levels were significantly related to neurocognitive measures, affirming the functional relevance of absolute MRS measures (e.g. lower frontal GM NAA correlated with slower processing speed in all three groups). The patterns of these relationships were different between PSU, ALC and CON groups, suggesting that polysubstance use affects those relationships and/or that cognitive performance/tasks are supported via different mechanisms/pathways in the groups. Finally, lower NAA concentrations in temporal and frontal GM of PSU correlated uniquely to greater cocaine but not alcohol use quantities. Although numerous MRS studies reported altered NAA, Cho, Cr and mI in anterior brain regions associated with monosubstance use disorders even after 30 days of abstinence (Licata and Renshaw, 2010) , we did not find any significant differences of metabolite concentrations within large lobar frontal regions between CON and 1-month-abstinent PSU and ALC. This, together with our recent single-volume 1H MRS data in a similar PSU cohort (Abé et al., 2013) , suggests that metabolic abnormalities in the frontal cortex of PSU are still present at this stage of recovery, but appear to be localized in functionally important subregions (e.g. dorsolateral prefrontal cortex) rather than across the entire frontal cortex. Furthermore, we found higher mI levels in PSU in several other brain regions compared with CON and 1-month-abstinent ALC. High mI is hypothesized to be the result of glial activation or gliosis, commonly interpreted as astroglial hypertrophy and/or proliferation, which, in turn, is often related to poorer neurocognition (Schweinsburg et al., 2001; Licata and Renshaw, 2010; Meyerhoff et al., 2011; Mon et al., 2012) . It is also suggested that elevations of mI occur as a result of accumulating osmolites, which may reflect the effort of cells to regulate volume and help stabilize protein structures under osmolar stress (Schweinsburg et al., 2000) . Thus, our results suggest that polydrug consumption is associated with astrocytosis/gliosis (consistent with findings from phosphorus MRS (Christensen et al., 1996) ) and/or osmotic changes in temporal GM and subcortical regions, detectable at about 30 days of abstinence. Considering the SI voxel size of 1 ml and the average temporal GM tissue fraction of 0.61, it is difficult to determine if the elevation of mI in PSU was specific to temporal GM. However, as mI group differences are not seen in temporal WM tissue, these mI elevations appear restricted to the temporal cortex. In addition, and although we did not observe group differences of NAA in all cortical GM regions, the strong association between higher monthly cocaine consumption in PSU and lower cortical GM NAA supports our interpretation of some dose-related compromise of cortical neuronal integrity in PSU compared with both ALC and CON. The comparison of PSU and CON suggests that cerebral abnormalities are also present in the cerebellar vermis and lenticular nucleus of PSU. One possible reason for the observed statistical trends for higher mI in these regions of PSU compared with ALC (moderate effect sizes) could be that cerebral abnormalities might be present in ALC, but to a weaker extent than in PSU. Our results also indicate that astroglial/astrocyte (higher mI) and neuronal integrity (lower NAA) are abnormal in the occipital WM and midbrain of PSU, respectively.
In PSU, the strong positive relationships between days sober and Cr (and Cho) measures in frontal and parietal GM are consistent with the short-term metabolic recovery we previously observed in ALC (Durazzo et al., 2006; Mon et al., 2012) . However, higher mI levels in several brain regions (frontal GM, parietal GM, parietal WM and temporal WM) correlated to longer duration of abstinence and higher temporal WM mI correlated to better scores on BVMT Delayed Recall in the present study is surprising for the following reasons: elevated mI is usually associated with adverse brain function (see Table 3 ), and longer duration of abstinence is generally associated with neurobiological improvements. However, a possible explanation for observed positive relationships between mI levels and days of abstinence might be that lower mI is present in large lobar regions of PSU very early in recovery (e.g. in the first week, or even before abstinence) with reactive gliosis progressing during early abstinence. This would be similar to what was observed in the dorsolateral prefrontal cortex of 1-month-abstinent PSU (Abé et al., 2013) . During prolonged abstinence (i.e. 10-45 days, as studied here) mI concentrations may increase, associated with cell volume changes, greater glial activation and accumulation of mI and/ or gliosis, which then may be followed by a possible normalization of mI levels later in abstinence. But this is speculative and can only be tested in fine-grained longitudinal studies of long-term abstinent PSU. However, the positive correlations found for regional Cr and Cho levels with days of abstinence suggest that the observed increases in the mI level over time are paralleled by a metabolic recovery and neurobiologic improvements. Those improvements within PSU are further supported by the strong positive relationship between BVMT delayed recall and temporal WM mI concentration.
In sum, it appears that neurobiological abnormalities in 1-month-abstinent PSU are qualitatively and regionally different from those in ALC at 1 month of abstinence and/or might be longer lasting than in ALC. Many of other determining factors being equal in this study, it is likely that the observed metabolite group differences between PSU and ALC or CON are associated with the concurrent multiple drug use in PSU. In addition, the interaction of two or more different drugs used concurrently leads to formation of adducts of the primary substances used and their metabolites (e.g. cocaethylene, benzoylecgonine, norcocaine, norcocaethylene (Chen et al., 2012; Pfefferbaum et al., 2012) ); these may have additional toxic and/or inflammatory effects on brain tissue (Stavro et al., 2013) above and beyond the effects of stimulants and/or alcohol alone.
Study limitations and outlook
Limitations of this cross-sectional study performed at 30 days of abstinence include the fact that we are unable to determine the nature and magnitude of metabolic abnormalities that likely exist in PSU very early in abstinence. Although the correlation between metabolite concentrations and days of abstinence within PSU supports our interpretation of cellular dysfunction associated with substance use, longitudinal follow-up will assist in clarifying if the observed abnormalities are reversible with extended abstinence, or if our observations are influenced by premorbid and/or comorbid factors not assessed in this study. Specifically, differences in personality (e.g. impulsivity, anger management), the earlier onset of heavy drinking in the PSU group (potentially reflecting greater interactions between adolescent brain development and alcohol exposure in the PSU group) and potential group differences in genetic predisposition/make-up may contribute to the observed metabolic differences. The present study had a relatively small sample size of PSU (n = 18) and future studies with enhanced power might allow for detection of further group differences and the exploration of distinct cigarette-smoking effects on brain metabolite levels. Future studies could also help clarify the degree to which the abnormal regional brain metabolite levels in PSU are related to relapse risk, as previously described in individuals with AUD (Durazzo et al., 2008; Durazzo et al., 2010) . CONCLUSIONS MRSI-derived metabolite concentrations show that 1-monthabstinent PSU had persistent metabolic abnormalities (higher mI), primarily in the temporal cortex, cerebellar vermis and lenticular nucleus, when compared with ALC at 1 month of abstinence and CON. These abnormalities reflect cellular injury/ dysfunction in PSU (astrocytosis/gliosis or osmotic changes). Furthermore, reduced neuronal integrity in temporal and frontal GM is related to cocaine use quantities, and some regional metabolite concentrations were related to neurocognition, highlighting the functional significance of these MRSI-determined metabolite levels. The results of this MRSI study complement our previous neurometabolic PSU characterization (Abé et al., 2013) ; together, they point to abnormalities in specific regional brain metabolite concentrations as polydrug abuse biomarkers and as potential targets for pharmacological and behavioral PSU-specific treatment.
